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Abstract 
53 Lewis lung carcinomas implanted 
subcutaneously into C57BL/6-mice were examined. 
The animals were killed at various stages of 
tumor growth (TG) and prepared for histology and 
for scanning electron microscopy 
( critical-point-dried tissue; vascular corrosion 
casts). Prior to casting animals were rinsed 
using different perfusion pressures. Casting was 
done by manual injection of the resin, whereby 
different influx-rates were applied resulting in 
low, medium and high pressure preparations. 
\-le discern 3 phases of tumor angiogenesis 
(TA) occurring during 4 stages of TG among which 
vasodilation establishes the first reaction of 
the host vascular system to a growing tumor 
implant. During this stage 1 of TG, tumor 
nidation, nearby sinusoidal dilated host 
capillaries form globular outgrowings (phase 1 of 
fil Subsequently radially arranged sprouts, which 
preferentially arise from venous host vessels, 
grow into the centre of the implant (phase 2 of 
TA). Stage 2 of TG, early tumor growth, is 
characterized by necrosis of the central tumor 
tissue and the development of a central avascular 
cavity. Thus the tumor vascular system is 
organized like a hollow sphere with a central 
cavity and a peripheral vascular "envelope" with 
large vessels embracing the tumor and 
centrifugally growing vascular sprouts, which 
arise from the venous part of the vascular 
"envelope" and invade the surrounding host tissue 
(phase 3 of TA). During stage 3 of TG, late tumor 
growth, many vessels of the basket-like vascular 
"envelope" obliterate. In stage 4 of TG, prefinal 
phase, the peripheral vascular density decreases 
continuously. Thus vascular sprouting and 
proliferation of viable tumor cells is confined 
to basal regions of the tumor. 
Key words: Angioarchitecture, angiogenesis, 
vascular corrosion casts, vascular degeneration, 
vascular pattern, vasodilation. 
*Address for correspondence 
A. LAMETSCHWANDTNER,Dept. Exptl. Zool., Univ. 
Salzburg, Akademiestrasse 26, A-5020 Salzburg, 
AUSTRIA. 
Phone No.: 0662/8044/5602 
557 
Introduction 
The Lewis lung carcinoma (LLC) is a rapidly 
growing tumor, which consistently spreads to the 
lungs, killing the animal after 4 weeks of 
growth. The first micrometastases may be 
recognized at the 7th to 9th day after 
implantation (25, 48). This type of carcinoma is 
widely used to study the cure-rates of 
chemotherapy with different drugs alone or in 
combination with surgery or immunotherapy (27 -
29). The system allows for a separate treatment 
of "primary tumors", metastases (26) and local 
recurrences occurring after surgical removal of 
the "primary tumor". 
Investigators have long been interested in 
the vascularization and microcirculation of 
malignant tissues. However, this interest was 
spasmodic depending on the development of new 
techniques which gave fresh impetus to this area 
of research. One of the most widely used methods 
is the implantation of tumors into transparent 
chambers (11, 43), which allows repeated 
microscopical examination of the developing tumor 
vascular bed, and the estimation of several 
physiological parameters. Unfortunately this 
method is restricted to small tumors only, and 
photomicrographs obtained during morphological 
studies suffer from low resolution. These 
disadvantages are overcome by applying the 
recently developed method of vascular corrosion 
casting (37), which is well suited for detailed 
morphological analyses of vascular systems (31). 
The tumor microcirculation is of crucial 
importance to the metabolism and behavior of 
neoplastic tissues. Since the basic studies of 
Folkman et al. in 1971 (8) we believe that tumors 
produce angiogenic substances and thus are able 
to form a new and tumor specific microvascular 
bed. By inhibiting this angiogenesis tumor growth 
and haematogenous metastases can be blocked (21, 
49). For tumor therapy it is important that the 
intensity of tumor vascularization determines the 
cure-rates of radio- and chemotherapy as well as 
those of treatment by hyperthermia (22, 23, 42, 
51, 52). Since many tumors have specific vascular 
pat terns the angiographic visualization of the 
tumor vascular system may be useful for tumor 
diagnosis (3, 30). 
Our present study was undertaken: 1) to 
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demonstrate the angiomorphology of the LLC by 
means of light microscopy and scanning electron 
microscopy (vascular corrosion casts and 
critical-point-dried tumor tissue blocks), 2) to 
trace the vascular alterations occurring during 
tumor growth, 3) to investigate the influences, 
which act on the tumor blood vessels, altering 
their morphology, 4) to discuss the importance of 
the vascular pattern of the carcinoma to its 
behavior, and 5) to provide further criteria, 
applicable to tumor diagnosis. 
Materials and Methods 
Host animals and tumor transplantation 
The vascularization of the LLC was studied 
in 53 mice of the C57BL/6-strain. The animals 
were aged 10 to 18 weeks and weighed 17.5 - 29.8 
grams. 0.05 ml of a tumor cell suspension 
containing 2 .5 - 5 x 105 tumor cells were 
injected subcutaneously (s.c.) into the axillary 
region of each animal. Three control animals 
received a similar injection of 0. 05 ml of a 
cell-free NaCl-solution. 
Time-schedule for tumor preparation 
Most of the tumors were used to make 
vascular corrosion casts. Some remaining 
tumor-bearing animals, however, were used to make 
histological preparations for light microscopy 
(LM) and scanning electron microscopy (SEM). The 
number of animals subjected to different 
preparations during tumor growth is summarized in 
table 1. 
Preparations of vascular corrosion casts for SEM 
40 min before anesthesia the animals were 
injected s.c. with 0.2 ml heparin (= 1000 I.U.). 
Then a special preparation stage was formed from 
a small wire-netting and - according to the size 
of the tumor - a properly shaped part of the 
stage was rapidly cut out. After anesthesia with 
diethylether the animals were fixed on this stage 
in supine position, and the tumors were placed in 
the holes cut in the wire-nettings. By this 
method of mounting, the tumors were allowed to 
hang free without any compression arising from 
external pressures. 
After opening the thorax 0 .1 ml heparin ( = 
500 I.U.) were injected into the beating heart. 
Five minutes later the left ventricle was 
punctured and a braunula O-G20 (Braun Melsungen 
AG, Melsungen, BRD) was pushed into the ascending 
aorta, where it was fixed by a ligature. After 
opening the right atrium exsanguination with 
heparinized tyrode solution (370C; 250 I.U. 
heparin/10 ml solution) was started using 
different hydrostatic pressures. Low pressure 
preparations were made with a hydrostatic 
pressure of 37 - 60 mm Hg, medium pressure 
preparations were made with 60 - 80 mm Hg and 
high pressure preparations with 95 - 111 mm Hg. 
At first the total vascular system was perfused. 
However, a few minutes later the ascending aorta 
was ligated close beyond the diaphragm, so that 
the further perfusion was restricted to the 
tumor-bearing body-half. After 5 - 10 min most of 
the blood was flushed out. In high pressure 
preparations, however, the exsanguination was 
prolonged to a total of 15 min. 
In 9 animals a perfusion fixation with 
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glutaraldehyde (2.5% in 0.15 M cacodylate buffer; 
pH 7 .4; 37°C; duration 3 min) followed without 
changing the earlier pressure values. 
For the resin injection we used both 
undiluted Mer cox CL-2BR (Japan Vilene Company.,_ 
Tokyo, Japan) and a mixture of 8 ml Mercox CL-2BK 
and 2 ml methyl-methacrylate (Fluka, Buchs, 
Switzerland) containing 0.12 g MA (initiator). 
Pure Mercox had a viscosity of 20 - 30 cp 
(centipoise) at 25°C (LADD Res. Ind. Inc., 
Burlington, Vermont, USA), while the diluted 
mixture had 13 cp at 20°C (T. Weiger, personal 
communication). 
The vascular casting was done by manual 
injection of the resin using the same braunula as 
during exsanguination and fixation. Low pressure 
preparations were made with an influx-rate of 0.2 
ml resin/min. The injection took 12 min, so the 
animals were perfused with just 2. 4 ml resin. 
Casting for medium pressure preparations was done 
for 11 min with a rate of 0.5 ml/min. The animals 
therefore were injected with a total of 5.5 ml 
resin. Finally, for high pressure preparations an 
injection rate of 0.85 ml was used for a period 
of 10 min, so that the vascular system of these 
animals was infused with 8.5 ml resin. In all 
cases there was a venous efflux of resin from the 
right atrium. 
After finishing the resin injection the 
braunula was left in the ascending aorta. 15 min 
later the animals were transferred to tap water 
of 20°c, which was replaced after 12 h by 15% 
sodium hydroxide (NaOH) of 30°C. After 5 - 6 
passages of tap water and NaOH - both at a 
temperature of 30°C - the vascular cast of the 
tumor and of the adjacent host vascular bed was 
excised from the rest of the cast specimen. The 
subsequent final cleaning was accomplished by 
immersing the sample for 3 min in 2% formic 
acid. 
The casts were then frozen in double 
distilled water at -20°C. A band saw or a 
multi-bladed cutting device was used to cut large 
samples into 5 mm thick slices (31). 
Subsequently the casts were freeze-dried and 
mounted on specimen stubs by using colloidal 
silver and "conductive bridges" according to the 
method of Lametschwandtner et al., (1980) 
(32). To render the casts conductive, the 
method of Murakami et al. (1973) (38) was 
modified. First the casts were exposed for 72 h 
to Os04-vapors, followed by 48 h incubation in 
hydrazine-hydrate. Then the casts were vaporized 
with carbon and gold, sputtered with gold and 
examined with a SEM Stereoscan 250 (Cambridge, 
UK) at accelerating voltages of 2.5 - 5 kV. 
Preparation of the tumor tissue for SEM 
Heparinization, anesthesia, mounting of the 
animal and exsanguination were performed as 
described above. Apart from a few animals not 
rinsed with tyrode or fixative, the fixation was 
performed by a perfusion with 2.5% glutaraldehyde 
in 0.5 M cacodylate buffer (pH 7.4; 37°C; 3 - 5 
min; perfusion pressure 60 - 90 mm [·lg). After an 
additional immersion in the fixative the tumors 
were cut with razor blades, postfixed in 1% 
buffered Os04 (4°C, 3 h), dehydrated in a graded 
series of ethanol and critical-point-dried. The 
tumor fragments were then fixed on stubs with 
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Figs. - 3: Casts of blood vessels of control 
animals. 
~: Arteriole of healthy s.c. connective 
tissue with imprints of endothelial cell nuclei. 
Fig._?: Venule of healthy s.c. connective tissue 
with imprints of endothelial cell nuclei. 
Fig. 3: Nuclear imprints (arrows) and a cell 
border (arrowhead) on s.c. capillaries. 
colloidal silver, sputtered with gold for 20 min 
and examined in the SEM at accelerating vol tag es 
of 5 - 30 kV. 
Preparation of the tumor tissue for LM 
The initial steps of the preparation were 
performed as described for critical-point-dried 
tissues except that 130UIN was used as fixative. 
After dehydration and embedding in paraplast the 
tumors were cut into 5 or 7 µm thick sections and 
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Table 2: Some characteristics of normal arterial, venous and capillary casts of the dorsal s.c. vascular 
bed of mice. 
arterial vessels 
regular, but thinner 








imprints oval, sharply edged, 
of endo- shallow depressions 
thelial oriented in the long 
cell axis of the vessel 
nuclei 
endo- longitudinal furrows 
thelial are wedged against 






stained with AZAN or hematoxylin and eosin (HE) 
( 46). 
Results 
Vascular corrosion casts of the control animals: 
Casts of normal blood vessels have several 
characteristic features by which arterial, venous 
and capillary vessels can be distinguished from 
each other (13, 36) (Table 2, Figs. 1 - 3). 
Abbreviations for figs. 1 20: !IS 
histological section, ST section-thickness, 
HE •.. hematoxylin-eosin, LM ••• light microscopy, 
General survey of the tumor vascular system 
During growth the tumors invade the 
surrounding host tissue and make multiple contact 
with the preexisting host vascular system. 
According to the three-dimensional growth pattern 
of the carcinomas the tumor vascular system soon 
takes the shape of a hollow sphere. In small 
venous vessels capillaries 
variable and regular, 
thicker than 3-8 µm in 
corresponding diameter 
arterial vessels 
frequently curved capillary loops 
with ascending, 
superficial and 
the counter- descending branch, 
arcade-like pattern 
frequently rami-
fying thus forming 
high degree of anastomoses, 
variability branching angles 20-90° 
round, deep, 6-10 µm long, oval 
though-like depres- and shallow depres-
sions without sions oriented in 
distinct edges the long axis of 
and without the vessel 
special orien-
tation 
similar to those similar to those 
of arterial and of arterial and 
capillary vessels venous vessels 
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about 
1 0 µm 
tumors a central, avascular cavity is completely 
surrounded by peripheral vascular beds. In large 
tumors, however, this cavity frequently opens 
into an apical orifice, while the basal parts are 
embraced by a multiple layered "peripheral 
vascular envelope". 
Table 3 shows the major supply and drainage 
vessels, which make contact with the "peripheral 
vascular envelope" of the tumor. Their 
differential importance to the total tumor blood 
perfusion depends mainly on the particular 
location and growth rate of the individual 
neoplasia. The denomination of vessels used in 
this study is analogous to that of the laboratory 
rat ( 12). In most cases (n = 39) the lateral 
thoracic artery and vein were the most important 
vessels for the blood supply and drainage 
of the tumors. In some very large tumors we 
observed a small drainage into the azygos or 
Angioarchitecture of Lewis lung carcinoma 
Table 3: Survey of the host blood vessels which 
manage the arterial supply to and the venous 
drainage from the tumors. 
ARTERIES 
supply to the body-flank: lateral thoracic artery 
- cutaneous branches of the lateral thoracic 
artery 
supply to the rostral tumor-curvature: scapular 
circumflex artery 
supply to the caudal tumor-curvature: 
thoracodorsal artery - cutaneous branches 
of thoracodorsal artery 
VEINS 
drainage from the body-flank: lateral thorcic 
vein- cutaneous branches of the lateral thoracic 
vein 
drainage from the rostraltumor-curvature: 
scapular circumflex vein 
drainage from the caudaltumor-curvature: 
thoracodorsal vein- cutaneous branches of 
thoracodorsal vein 
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DIAGRM'l 1: The major host vessel which 
contributes to the tumor blood supply and 
drainage. Dorsal view of a carcinoma grown for 
about 20 days in the right axillary region. 
Rostral: top; caudal: bottom; left: medial; 
right: lateral. ARTERIES: 1 ascending aorta, 2 
subclavian artery, 3 axillary artery, 4 brachial 
artery, 5 lateral thoracic artery, 6 cutaneous 
branches of 5, 7 scapular circumflex artery, 8 
thoracodorsal artery. VEINS: a vena cava 
superior, b subclavian vein, c external jugular 
vein, d axillary vein, e brachial vein, f lateral 
thoracic vein, g cutaneous branches of f, h 
scapular circumflex vein, i thoracodorsal vein, j 
azygos vein. 
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hemiazygos vein. The topographical situation of 
the proper feeding and draining vessels is shown 
in Diagram 1. 
Morphological features of the tumor blood vessel 
Near the tumor a striking dilation of host 
capillaries to sinusoidal vessels occurs (Fig. 
4). Dilation, however, was also observed on 
large, mainly venous vessels (Fig. 5). The 
dilated vessels consistently show a winding 
course with extreme bendings and kinks, which are 
accompanied by the occurrence of small furrows at 
the cast surface. Simultaneously the 
intervascular distances decrease. The affected 
vessels show great variations in vessel diameter 
and abrupt dilations. Simultaneous to the 
dilation the blood vessels lose their regular 
course and start to twist. Dilation is not 
confined to vessels of any particular type of 
tissue, but is found on each vessel which 
approaches the tumor. Vasodilation, vascular 
accumulation - sometimes pad-like (Fig. 6) or 
glomeruloid (Fig. 7) - and vascular twisting, 
increase during approach to the tumor tissue. 
Light microscopical examination shows highly 
twisted and tightly packed sinusoids with 
diameters of about 20 ;um and a well formed, 
continuous and intact endothelium (Fig. 8). Lying 
in the peripheral, "reactive" zone of the tumor 
they are surrounded by "reactive" cells 
(lymphocytes and macrophages), which are 
dispersed between the tumor cells and the adipose 
tissue. Deep furrows at the surface of the 
casts represent endothelial invaginations. They 
are oriented at right angles to the long axis of 
the vessels and are concentrated at bends of 
venous vessels (Fig. 9). In straight segments and 
at the arterial surface they are found only 
occasionally. These endothelial infoldings are 
not restricted to glomeruloidal tumor vessels, 
but are found - like the vascular dilations - on 
each vessel which approaches the tumor region. 
The variations in vessel calibre seen in 
casts are easily correlated with the course of 
the vascular walls seen in histological sections. 
This suggests that the endothelium follows the 
border lines constituted by the surrounding 
parenchyma (Fig. 10), a characteristic feature of 
sinusoidal blood vessels. 
Besides the typical imprints of endothelial 
.ell nuclei the surfaces of the casted tumor 
blood vessels show many globular outgrowths, 
which most probably represent vascular 
proliferations (Fig. 11) (13, 15). 
Vascular corrosion casts of Lewis lung 
carcinomas frequently exhibit blind ending 
vessels, which may be caused by either of two 
entirely different reasons. One type is caused by 
centrifugal vascular sprouting, whereas the other 
type represents collapsed blood vessels 
compressed by the increasing interstitial tissue 
pressure (Fig. 12) (13, 15). 
Vascular corrosion casts of LLCs demonstrate 
two further characteristic vascular phenomena. 
Irregular lacunas and extravasal structures -
T.W. Grunt, A. Lametschwandtner, K. Karrer, O. Staindl 
~: Muscle capillaries take a tortuous course and become wider as they approach the tumor. 
~: Dilation of venous host vessels at the tumor base. 
Fig.§: Tumor base. Dilation of preexisting host capillaries to sinusoidal vessels. 
irrespective of the height of the applied 
perfusion and injection pressure - are among the 
typical features of the vascular system. They 
represent vascular areas, which have defective or 
discontinuous walls or are even devoid of an 
endothelium (13, 15). 
The angioarchitecture of the tumor and the 
adjacent host tissue 
Vascular corrosion casts of tumors older 
than 8 days, irrespective of whether they are 
made by high or by low pressure, consistently 
Angioarchitecture of Lewis lung carcinoma 
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Fig. 7: Tumor base. Glomeruloidal arrangement of 
tumor vessels. 
~: Sinusoids at the tumor base with well 
formed, continuous and intact endothelium. I!S. ST 
7 ,rum . AZAN . LM • 
Fig. 9: Tumor base. Endothelial invaginations 
(arrows) at the bends of a venous vessel of a 
"glomeruloid". 
Fig. 10: Tumor base. Sinusoidal capillaries. The 
endothelia run along the boundaries given by the 
surrounding tissue elements, whereby variations 
of the vessel calibre develop. HS. ST 5 ,rum. 
HE. LM. 
Fig. 11: Tumor base. Globular outgrowths on 
proliferating, dilated tumor sinusoids. 
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exhibit a wide central avascular cavity (Fig. 
13). In most cases the interior (basal) sectors 
of the cavity are bordered by the host vascular 
system. Depending on the location of the tumor in 
the subcutis and on the ~ype and rate of tumor 
expansion, the peripheral blood vessels ( "Tumor 
vascular envelope") either completely embrace the 
central cavity or leave an apical (dorsal) 
orifice (Fig. 12), which causes a widespread 
ulceration of the apical, superficially lying 
tumor region (Fig. 14). 
Marked bulging of the central regions of 
cross-sectioned tumors relates the present 
carcinoma to the class of "tense tumors", which 
was originally established by Falk in 1978 (7). 
Blood vessels at the tumor surf~ce 
Anastomosing arteries and veins cover the 
exterior hemisphere of the tumor bulge and form a 
loose arterial and venous plexus. Veins running 
more superficially than the corresponding 
arteries take individual courses. Thus the 
typical parallel arrangement of the arteries and 
the counterpart veins cannot be recognized. 
Diagram 2 summarizes these findings and 
demonstrates the communication of the enveloping 
vessels with the main arterial and venous trunks. 
DIAGRAM 2: Large arterial (black) and venous host 
vessels (white) at the surface of a 23 day old 
tumor and their contacts to the capillary bed of 
the raised s.c. muscles. 1 branches of lateral 
thoracic artery and vein, 2 branches of 
thoracodorsal artery and vein and 3 branch of 
scapular circumflex vein. 
The blood vessels of the "tumor vascular 
envelope" 
During expansion the tumors often raise the 
s.c. muscles of the host. Parallel muscle 
capillaries running at right angles to the above 
lying arterial and venous envelope vessels are 
thus one of the major constituents of the 
"peripheral vascular envelope" (Fig. 12). Near 
the confluence of the capillaries the wide and 
tortuous drainage vessels show marked deflexions. 
The muscle capillaries are supported by a layer 
of tortuous sinusoids (Fig. 15 - see also No. 6 
in diagram 4). 
In tissue sections peripheral regions of 
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Fig. 12: Apical tumor periphery. Flattened, 
tapering veins (v) and arteries (a) of the "tumor 
vascular envelope" surround an apical orifice 
(o). 
Fig. 13: Cross-section through the vascular 
corrosion cast of a 14 day old, s.c. tumor. h ... 
avascular cavity, a ••• apical tumor periphery, b 
••. tumor base. 
Fig. 14: Cross-section through a 14 day old, s.c. 
tumor. Note the bulge of the tumor center. CPD. a 
.•. apical, b ••• basal, ep ..• epidermis, ex ••• 
exulceration, f ..• subcutaneous adipose tissue, 
m ••. host muscles. 
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large tumors reveal many wide blood vessels with 
luminal diameters of 160 (Um or more. Some of 
them have compact, multi-layered walls and 
clearly represent incorporated and dilated venous 
host vessels. The majority, however, have thin 
walls resembling those of leaky capillaries 
(sinusoids) and consist of a single and sometimes 
discontinuous layer of endothelial cells, This is 
why the latter type of large-bore vessels is 
called "giant capillaries" (Fig. 16) (56). 
Large arteries and veins as well as muscle 
capillaries and "giant capillaries" run along the 
tumor margin and embrace the dorsal tumor 
hemisphere. From these vessels branches "dive 
down" into deeper lying tumor regions. After 
marked kinking they gradually change from the 
original tangential course to a centripetal 
(radial) direction thus approaching central tumor 
areas (Fig. 17). While most of the casts of such 
vessels either have tapered points or pass 
directly into terminal extravasations, some 
form loops with an afferent and an efferent 
branch with the latter draining the blood back to 
the tumor margin (Fig. 18). 
Arteriovenous shunts were not discernible in 
this study. The terminal microcirculation at the 
tumor base, however, often reveals short 
capillary loops which directly communicate 
between arterial and venous vessels (Fig. 19). 
The sequence of vascular patterns and structures 
during approach to the tumor 
Striking dilation of surrounding host 
capillaries followed by a significant decrease of 
the intercapillary distances are reliable 
features indicating the existence of a nearby 
tumor. Also, the altered vessels take a very 
tortuous course, with marked variations in the 
calibre. In some areas the expansive tumor growth 
forces these blood vessels to form flat plexus 
lying parallel to the advancing tumor margin. In 
regions with invasive tumor growth, however, the 
cell cords move between the blood vessels thus 
causing massive distortion and rearrangement of 
the centripetally running blood vessels. Normal 
capillaries with narrow lumina and regular 
patterns were never found, since the described 
sequence of vascular alterations causes a 
demolition of the normal and tissue-specific 
vascular plexus. 
These alterations are easily followed in a 
single cast preparation when approaching the 
tumor region. In addition they demonstrate the 
chronological changes which occur if a host blood 
vessel is influenced by an expanding tumor mass. 
The results presented are summarized in diagrams 
3 - 5. 
Changes of the tumor vascular system during the 
tumor growth 
To summarize the sequence of vascular 
Fig. 15: "Tumor vascular envelope". Tortuous, 
sinusoidal dilated tumor vessels lying below the 
parallel muscle vessels. 
Fig. 16: Apical tumor periphery. 150 jllm wide 
"giant capillary". The endothelium is discernible 
as a thin and incomplete border. HS. ST 7 jllm. 
AZAN. LM. 
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DIAGRAM 3: Cross-section across a vascular 
corrosion cast of a 20 day old, s.c. Lewis lung 
carcinoma. 1 centrifugally growing sprouts at the 
tumor periphery, 2 venous host vessel (white), 3 
arterial host vessel (black), 4 muscle 
capillaries which have been raised by the tumor, 
5 apical orifice of the "tumor vascular 
envelope", 6 centripetally running, blind ending 
tumor vessels, 7 loop-formation on centripetal 
tumor vessels, 8 centripetally running, blind 
ending tumor vessels with terminal 
extravasations, 9 irregularly running and 
frequently blind ending vessels of the interior 
tumor area, 10 deflexions on large vessels, 11 
vessel distension of approaching muscle 
capillaries, 12a dense plexus of dilated, 
proliferating capillaries at the tumor base, 12b 
detail from 12a. Outgrowths on dilated 
capillaries, 13 tortuous tumor vessels with 







DIAGRAM 4: Detail from diagram 3. Sequence of the 
vascular patterns in the "tumor vascular 
envelope". 1 centrifugally growing vascular 
sprouts, 2 small, mainly venous vessels with 
irregular course, 3 venous (3a) or arterial host 
vessels (3b) embracing the tumor, 4 winding 
branches (deflexions) of venous and arterial 
vessels, Sa branching of the supplying and 
draining vessels into the capillary bed of the 
s.c. muscles, Sb s.c. muscle capillaries, 6 
three-dimensional plexus of dilated sinusoids 
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DIAGRAM 5: Reconstruction of the vascular 
morphology of tumors in the phase of late tumor 
growth (11 - 21 day) obtained from serial 
sections for LM and from SEM examination of 
critical-point-dried tumor tissue blocks. 1 
unchanged arterial vessel of the surrounding host 
tissue, 2 incorporated arterial vessel, 3 
unchanged venous vessel of the surrounding host 
tissue, 4 large, thin-walled, venous vessels 
("giant capillaries"), which distend 
progressively and increase in number during 
further growth of the tumor, 5 narrow tumor 
capillaries with a straight, centripetal course 
and with a well formed and intact endothelium, 6 
markedly narrowed tumor capillaries with red 
blood cells squeezed in their lumen and with 
largely intact endothelium in central tumor 
areas, 7 collapsed, central tumor vessel with 
closely associated endothelial linings, 8 basal, 
sinusoidal tumor capillaries with thin, but well 
formed endothelium run vertically into the above 
lying tumor tissue. They are densely packed and 
run a very tortuous course. 9 sinusoidal dilated 
capillaries of the tumor-interior with a 
discontinuous endothelium and direct contact to 
tumor cells, 10 bi-concave, light red blood cells 
lying loosely in a channel, which is bordered 
exclusively by tumor cells, 11 altered red blood 
cells (loss of the bi-concave shape and of the 
light-red colour) lie free in the interstitial 
space of the tumor, 12 zone of tumor invasion at 
the basal border between the tumor tissue and the 
host tissue . 
Stippled area, bulging of the central tumor 
region of an incompletely fixed and still wet, 
cross-sectioned tumor tissue. 
alterations during tumor growth (TG) we find it 
useful to divide the tumor growth into 4 
different stages. 
During the stage 1 of TG, i.e. tumor 
nidation (1 - 5 day after tumor implantation; 
maximal tumor diameter 5 mm) most of the nearby 
host capillaries dilate. Globular outgrowths 
anastomose with one another and form a peripheral 
plexus of densely packed sinusoids ( phase 1 of 
tumor angiogenesis (TA)). Simultaneously with 
this phase 1 of TA, which actually continues in 
various tumor regions till the end of TG, at day 
3 - 4 new vascular sprouts emerge from 
surrounding venous host vessels and grow radially 
into the implant (phase 2 of tumor angiogenesis). 
By the 5th day the tumor is completely 
vascularized. 
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Fig. 12: "Tumor vascular envelope". Deflexions of centripetal vessels (arrows). 
Fig. 18: Near the central cavity. Centripetal tumor vessels either end blindly or form vascular loops 
(arrow). 
Fig. 19: Tumor base. Terminal microcirculatory bed. The arrowheads indicate the course from the 
arteriole (a) to the venule (v). 
Fig. 20: Straight running capillaries of relaxed s.c. muscles. 
The following stage 2 of TG, i.e. early 
tumor growth (6 - 10 day; maximal tumor 
diameter 10 mm) is characterized by the 
development of central necrotic regions, 
Progressive deterioration of central tumor 
vessels causes the development of a central 
a vascular cavity. At the tumor margin, however, 
centrifugally growing vascular sprouts 
preferentially emerge from venous envelope 
vessels and invade the surrounding host tissue 
(phase 3 of tumor angiogenesis) (13, 15). 
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During stage 3 of TG, i.e. late tumor growth 
(11 - 21 day) many vessels of the peripheral, 
basket-like vascular envelope are obliterated. 
Thus vascular density decreases and the enlarged 
central cavity opens into an apical orifice. 
This stage turns into stage 4 of TG, i.e. 
prefinal phase (22 - 28 day). Obliteration of 
envelope vessels continues and vascular sprouting 
and proliferation of viable cells is confined 
solely to basal regions of the tumor. 
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Discussion 
Experimental work dealing with the 
vascularization of or with the blood flow in 
tumors frequently uses the transparent chamber 
technique (42). By this method the development of 
the tumor microcirculation can be followed 
chronologically in a particular tumor-bearing 
animal. However, vascular studies may be 
undertaken just with small tumors, because the 
surrounding chamber walls confine the normal 
tumor growth. Vascular corrosion casting, on the 
other hand, is an improved variant of the 
classical injection method (37). SEM evaluation 
of the casts gives quasi three-dimensional 
pictures, in which - at least in mammals -
arteries, veins and capillaries may be discerned 
easily (36). The method is prone, however, to the 
formation of several artificial structures. By 
using different hydrostatic perfusion pressures 
and different rates for the resin-influx we have 
been able co discriminate between artifacts and 
real vascular structures (15). 
According to the literature (1) 34 week old 
C57!3L/6-mice have a medium systolic blood 
pressure of 93 mm Hg. As the animals used in the 
present study were just 10 to 18 weeks old, they 
still had a lower systolic blood pressure ( 41). 
For these animals values between 95 and 111 mm Hg 
do in fact represent high pressure values. 
Measuring the pressure during resin-injection is 
still a methodological problem, which is overcome 
at best by monitoring it directly in an artery, 
which feeds the relevant capillary bed ( 45). In 
many studies a manometer is connected with the 
injection-tube (39, 40). Values obtained by 
this method may represent the pressure in the 
tubing but not the intravascular pressure. 
According to Hagen and Poiseuille (cited 
after 10) the pressure-fall between the heart and 
the capillaries is steeper in the viscous resin 
than in the fluid blood. Thus proper filling of 
the microcirculatory bed is frequently 
accomplished by using hyperphysiological 
injection pressures. 
On the other hand, casts made by 
subphysiological pressure prove that extravasal 
structures and dilated sinusoids (often found in 
tumor vascular systems) may not be caused by 
artificial vessel distension, but rather 
represent tumor specific vascular structures. 
Host of the s. c. muscle capillaries show a 
straight course, which is characteristic for 
relaxed muscles (Fig. 20). This finding is 
especially important, since it indicates that the 
polymer resin does not induce s.c. spasms, which 
in turn could prevent proper filling of the 
capillaries. 
There is no special preference of the tumor 
to some particular host vessels. Blood supply and 
drainage rather depends on the individual 
location and size of the tumor. While the tumors 
are drained by an overwhelming mass of venous 
vessels, arterial connections are consistently 
very sparse. This is most probably caused by the 
marked resistance of the arterial vessel walls to 
influences induced by an adjacent tumor. Arteries 
incorporated into a tumor therefore show compact 
and unchanged walls. This is one of the reasons 
why tumor cell intravasation happens 
preferentially on capillaries and venous vessels 
(4, 56). This is consistent with results obtained 
by Mattsson et al. (1977) (34), which indicate 
that adrenergic innervation is demonstrable 
solely on arterial vessels and not on growing 
tumor vessels. The latter are composed of only a 
thin endothelial lining, which sometimes is 
apposed by a single pericyte. While tumor vessels 
are highly susceptible to constricting 
substances, they are relatively resistant to 
vasodilators (35). Thus Mattsson and Peterson 
(1981) (35) conclude that the tumor vessels 
are normally in a state close to maximal 
dilation. Other authors report on periodical 
fluctuations of the tumor blood and oxygen supply 
( 24, 4 3). These results agree with our 
morphological findings (Figs. 19 and 20). 
Incorporated arterioles retain their vasomotor 
activity, while all other types of tumor vessels 
do not show any vasoreactivity. 
We use the term "tumor vessels" for both new 
formed blood vessels and incorporated, altered 
host vessels. Together they form the tumor 
vascular system. 
Dilation of capillaries and veins is the 
first reaction of the host vascular bed to a 
growing tumor implant. It is a characteristic 
feature of most tumors and increases gradually as 
the vessels approach the tumor. Thus the luminal 
width is significant for the localization of a 
particular vessel. At the same time the 
intervascular distances decrease and regions with 
marked, mainly venous hyperemia develop. These 
regions contain oxygen-deprived, slowly flowing 
blood and thus are indicative of poor metabolic 
conditions. 
However, vessel widening is not confined to 
tumor vascular systems. Several authors, report 
that vascular distension may also occur after 
intestinal ulceration (58), during wound healing 
and during inflammation (SO). 
Displacement and restriction of the tumor 
vessels causes the sinusoids to arrange in 
glomeruloidal convolutions (Fig. 7). This is 
accompanied by the development of endothelial 
invaginations, which indicate longitudinal 
vascular compression (Fig. 9). Increase in the 
vascular density in hyperemic regions is 
accomplished by endothelial proliferation, by 
luminal distension and by reduction of the 
space available for the tumor vessels. 
The central avascular cavity described above 
is caused by degeneration and compression of the 
inner tumor vessels (14). This is supported, for 
instance, by the finding that cross-sections of 
tumors show marked bulging of their central 
regions (Fig. 14). According to Falk (1977, 1978) 
(6, 7) such tumors have high interstitial tissue 
pressure and are classified as "tense tumors". 
Our results show that the alterations 
occurring during incorporation of host vessels 
take an invariable chronological path. At first 
the vessels widen greatly and "giant capillaries" 
or sinusoids develop. Then the formerly compact 
endothelium attenuates and forms large gaps. 
Finally, the vessels run directly into 
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interstitial lacunas. 
The forces occurring during tumor growth may 
determine the entire angioarchitecture of the 
tumor (diagram 6). 
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DIAGRAM 6: Diagram demonstrating the forces, 
which occur during tumor growth and which act on 
the tumor vascular bed (in accordance with Falk, 
(1978) (7). 1 venous vessel of the "tumor 
vascular envelope", 2 deflexion, 3 compressed, 
centripetal blood vessel, 4 front between 
vascular stretching and compression, 5 tangential 
stretching at the tumor periphery, 6 radial 
stretching in the intermediate tumor region, 7 
tissue pressure at the tumor center. 
Tangential vessels and intermediary parts of 
radial (centripetal) vessels become markedly 
stretched. Simultaneously, the central parts of 
the tumor vessels are compressed from a direction 
at right angles to the long vascular axis 
(transversal), while other forces, working 
parallel to the vascular axis (longitudinal), 
cause tortuous deflexions of peripheral tumor 
vessels. The front between the radial vascular 
stretching and the longitudinal compression lies 
beneath the advancing tumor margin and consists 
of remnants of incorporated host collagen fibres. 
Stretching, - in cooperation with transverse 
compression - may cause collapse of the radial 
vessels. It is thought that "tense tumors" 
push their vascular bed ahead and that this is 
the reason, why "tense tumors" always have a 
peripheral vascular supply. 
Many of the vascular features presented in 
this study may be useful in diagnostic 
angiography and could help to localize, identify 
and measure primary tumors and metastases. The 
newly formed blood vessels, with their striking 
structural deficiencies, represent "caricatures" 
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of healthy blood vessels. They are unable to form 
an initial microcirculation, which could meet the 
increasing metabolic demands of the malignant 
tissue. There was no demonstrable arterial or 
venous differentiation of newly formed tumor 
blood vessels. Therefore the normal circulatory 
sequence from arteries to capillaries and veins 
is not valid for the tumor tissue. Lymphatic 
drainage vessels were never found using the 
present techniques. 
During tumor growth there are several 
striking changes of some microvascular and 
haemodynamic parameters (table 4). After an 
initial increase, the tumor blood flow falls to a 
level lower than that of the corresponding normal 
tissue. In parallel with the structural changes 
which occur during development, differentiation 
and degeneration of the blood vessels, the tumor 
microcirculation reveals a high temporal and 
spatial variability, whereby, peripheral areas 
consistently show higher flow values than central 
ones. From table 4 it becomes evident that 
vasodilation is not efficient in improving the 
nutrient supply. By distension the vascular lumen 
remains constant, but the vascular surface area -
the decisive parameter for the tumor metabolism -
and the vessel length, are reduced. 
Table 4: Alterations of several microcirculatory 
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As the vascular density decreases during 
tumor growth, an increasing number of tumor cells 
pass beyond the critical oxygen diffusion 
distance (53) of 160 /\Im maximum. Ischemia, 
hypoxia and acidosis develop and cause 
wide-spread necrosis of interior tumor regions 
( 2). Since hypoxic cells are more resistant to 
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irradiation than normal cells, the cure-rate of 
radiotherapy closely depends on the extent of the 
tumor blood supply. Most drugs, on the other 
hand, are transported by the blood supply, so 
chemotherapy needs also a proper 
microcirculation. Tissue damage by hyperthermia, 
however, is most effective in poorly vascularized 
tumors. 
Knowledge of the complex interdependence 
between the tumor parenchyma and the tumor stroma 
is crucial for the understanding of the processes 
occurring during tumor growth. Lewis, in 1927 
(33), was the first, to deal with this problem. 
He thought that it is the tumor, which determines 
the growth and the pattern of the vessels. Today 
we know that there is a close, and in most cases 
tumor-specific interrelation between the 
malignant tissue and the neoplastic vascular 
system. Experimental evidence from our laboratory 
indicates that the angioarchitecture is 
determined mainly by the growth pattern of 
the tumor, which in turn depends on the tumor's 
histology and malignancy (14, 17, 18). The 
malignant cells apparently work as "organizers", 
and vascular density in tumors lags behind that 
of corresponding normal tissues (16). It must be 
mentioned, however, that tissue proliferation and 
survival depends on an effective 
microcirculation. So it is evident that the 
growth of solid tumors is controlled particularly 
by the formation of new blood vessels. 
Many types of tumors may be identified by 
their specific vascular patterns. Contrary to 
this, however, Gabbert et al. (1982) (9) 
demonstrate that differentiated and 
undifferentiated colon carcinomas having 
different growth rates and proliferation 
patterns, do show similar and homogeneous 
vascular patterns. According to these authors, 
the tumor growth rate depends primarily on 
inherent properties of the neoplastic cell 
population, while the vascularization merely 
provides the conditions for tumor cell 
proliferation. Comparing these results with 
reports from other workers (17, 4 7) it becomes 
apparent that some types of tumor have very close 
parenchyma/stroma relations while others have 
not. 
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Discussion with Reviewers 
K.C. Hodde: How soon after implantation do you 
see dilation of the neighbouring host vessels? Do 
you think this is identical (initially) to events 
seen in inflammation and wound healing? 
Authors: Dilation of adjacent host vessels 
reliably could be demonstrated as early as two 
days after tumor inoculation. 
It is likely that the initial events are caused 
at least even in part by inflammatory processes 
induced by the death of some implanted tumor 
cells, by host defense reactions and by wound 
healing initiated by the pinprick when injecting 
the tumor cell suspension. 
K.C. Hodde: Are the sprouts always exclusively of 
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veinous origin? 
Authors: Yes. Sprouting on arterial vessels was 
never found in our specimens. 
K.C. Hodde: What do the authors think makes host 
arterial vessels less susceptible to adjacent 
tumor influences? 
Authors: We think that a) the higher structural 
organization of the arterial vessel wall with 
several compact layers and b) the fact that most 
substances released from viable or death tumor 
cells are drained by convections in to the 
interstitial fluid and so at first reach the 
veinous side of the microcirculation (58). 
K.C. Hodde: In which phase of tumor vascular 
development and decay would you think 
haematogenous metastasis most likely occurs? Do 
you consider open-ended vessels in the tumor as a 
necessary condition for this metastatic process? 
Authors: The first micrometastases in the lung 
occur on day 7 to day 9 after tumor implantation 
(25, 48). This coincides exactly with the 
occurrence of open blood lacunas and blood 
channels indicating - together :-,ith the 
"angiometamorphic" effect of the antimetastatic 
drug ICRF 159 (44) - that open-ended blood 
vessels are a necessary prerequisite for 
metastasis in the LLC. From day 7 to day 9 
onwards a continous shedding of malignant tumor 
cells into the blood stream is given. 
J .G. Walmsley: \vhat is the exact correspondence 
between the various phases of blood vessel 
development and the various stages of tumor 
development? 
Authors: Phase 1 of tumor angiogenesis (TA) 
starts at day 1 to day 2 after tumor inoculation 
and continues throughout all stages of tumor 
growth (TG) and thus parallels phases 2 and 3 of 
TA. Phase 2 of TA lasts from day 3 to day 4 after 
tumor implantation until the 8th day, where phase 
3 of TA starts which lasts until the animal dies. 
Stage 1 of TG, the tumor nidation, is from day 1 
to day 5 after tumor implantation, while stage 2 
of TG, the early tumor growth, lasts from day 6 
to day 10. Stage 3 of TG, the late tumor growth, 
is from day 11 to day 21 and stage 4 of TG, the 
prefinal phase, lasts from day 22 to day 28. Thus 
by day 5 after tumor inoculation the tumor being 
still in stage 1 of TG, the tumor ni dation, is 
already completely vascularized. The centrifugal 
sprouting towards the surrounding host tissue, 
the phase 3 of TA thus takes place during stage 2 
of TG, the early tumor growth. 
J.G. Walmsley: Do the arterial vessels~ the 
tumors with these metabolites and do the veins 
drain the tumor? Does not your description of 
angiogenesis infer that the tumor may be getting 
much of its "supply" from the vein? 
Authors: In the tumors studied arteries were 
always present, but in the larger tumors these 
arteries have to be considered as being unable to 
cover the tumors blood supply. Therefore veins, 
which enter the tumor and in turn leave it are 
thought also to "supply" the tumor. 
J .G. \-/almsley: For the features shown in Fig. 6 
to Fig. 12, which changes are due to dilation and 
which characteristics are due to tumor-induced 
morphogenesis? 
Authors: Because of the methods used and the 
specimens studied we cannot strictly separate the 
Angioarchitecture of the Lewis lung carcinoma 
events leading to the features presented in 
Fig. 6 to Fig. 12. To be able to do so we 
should have studied also wound healing and 
inflammation processes in parallel to our tumors. 
But basically it is the tumor which induces both 
changes you refer to. 
J.G. Walmsley: At what location does your 
inclusion of "tumor vessels" stop? The "altered 
host vessels" may include those extending back to 
the level of the heart. Are all of these vessels 
then part of the "tumor vascular systems"? 
Authors: Only those vessels lying within the 
tumor region and revealing at least one 
characteristic structural feature of tumor blood 
vessels were termed "tumor vessels". Vessels 
outside the tumor areas were only studied in 
respect to their spatial displacement but not in 
respect to their structure. 
J.G. Walmsley: At what time does the "initial" 
increase end and what is the time course by which 
"tumor blood flow falls"? 
Authors: In the LLC blood flow starts to increase 
from day 3 to day 7 after tumor inoculation and 
then continuously decreases. 
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